Abstract. We investigated the effects of KB-R9032 (N-(4-isopropyl-2,2-dimethyl-3-oxo-3,4-dihydro-2H-benzo [1,4]oxazine-6-carbonyl) guanidine methanesulfonate), a new Na + / H + exchange inhibitor, on a coronary artery occlusion / reperfusion-induced arrhythmia model in pentobarbital anesthetized dogs. KB-R9032 reduced the number of ventricular premature contractions seen during the coronary occlusion, while it did not alter the heart rate, mean blood pressure, or electrocardiographic parameters (PR, QRS, or QTc interval). KB-R9032 also decreased the incidence of fatal ventricular fibrillation during coronary artery occlusion and / or after reperfusion. These antiarrhythmic effects were observed not only in the pre-ischemic administration group, but also in the group given KB-R9032 at the 15th min of the 30-min occlusion. These findings support the view that Na + / H + exchanger may play an important role in inducing coronary ischemia / reperfusion arrhythmias. This suggests that the use of Na + / H + exchange inhibitors, such as KB-R9032, may be an effective clinical approach to suppress sudden cardiac death due to acute myocardial ischemia/ reperfusion such as during coronary bypass surgery, cardiac valve surgery, or percutaneous transluminal coronary angioplasty.
Introduction
It has been demonstrated that ionic disturbances within the ischemic myocardium may contribute to coronary ischemia /reperfusion injuries, including ventricular arrhythmias (1). Excessive activation of the Na + / H + exchanger-1 (NHE-1) may lead to intracellular Na + overload in the ischemic heart, and the elevated Na + may in turn induce Ca 2+ overload via activation of the Na + / Ca 2+ exchanger (2, 3). This Ca 2+ overload may be one of the major mechanisms underlying the development of such arrhythmias (4). The NHE-1 is known to be inhibited by amiloride or its analogues, and thus many investigators who have applied these compounds to ischemia / reperfusion models have shown that they significantly reduce ischemic arrhythmias in anesthetized rats (5, 6). HOE694 (3-methylsulfonyl-4-piperidinobenzoyl guanidine) and HOE642 (4-isopropyl-3-methylsulphonybenzoyl-guanidine methanesulfonate) (cariporide) were developed as selective NHE-1 inhibitors with no cardiovascular side effects (7, 8) . These compounds proved to have protective effects against ischemia / reperfusion injuries, including arrhythmias, in rats (7, 8, 9). Similar results have been reported for other NHE-1 inhibitors such as BIIB513 (10, 11), TY-12533 (12), and FR16888 (13). From these reports, common suppressive effects of NHE-1 inhibitors on the arrhythmias based on Ca
2+
overload have been proven. In dogs, we have already reported that cariporide suppressed the occurrence of fatal ventricular fibrillation (VF) (14). However, there may be some differences in the results between rats and dogs. For example, in rats, pre-ischemic injection of cariporide at a dose of 1 mg / kg significantly decreased the total duration and incidence of ventricular tachycardia and VF and the associated mortality (15), while in , and FR 168888 (13) suppressed ischemia and / or reperfusion-induced arrhythmias not only when these were administered before ischemia, but also when it was administered at the onset of reperfusion in rats. However, in dogs, BIIB 513 is the only compound that suppressed the ischemia and / or reperfusion-induced arrhythmias by post-ischemic administration as well as pre-ischemic administration (8). The explanation of these different results in rats and dogs has yet to be elucidated. KB-R9032 (N-(4-isopropyl-2,2-dimethyl-3-oxo-3,4-dihydro-2H-benzo[1,4]oxazine-6-carbonyl) guanidine methanesulfonate) is another newly developed selective Na + / H + exchange inhibitor ( Fig. 1 ) (16). KB-R9032 had been shown to inhibit NHE-1 selectively (IC 50 = 120 nM) (16) and not to inhibit other ion transport systems (17). It has also been shown to inhibit ischemia / reperfusion-induced arrhythmias and to reduce myocardial infarct size in rats at a dose of 0.3 or 3 mg/ kg, i.v. in a dose-dependent manner (18).
The present study was carried out to further elucidate whether NHE-1inhibitors exert an anti-arrhythmic effect on a canine coronary occlusion/ reperfusion model. Namely, it was focused on whether a novel NHE-1 inhibitor, KB-R9032, elicited the anti-arrhythmic effect when it was administered during as well as before the coronary occlusion. We hope this will provide clues to the clinical potential of KB-R9032 in the prevention of those arrhythmias, including fatal VF, that are thought to occur due to intracellular Ca 2+ overload during myocardial ischemia / reperfusion.
Materials and Methods
The protocols were approved by the University of Yamanashi Animal Experimentation Committee, and animals were obtained through the Animal Laboratory for Research of University of Yamanashi.
Production of coronary occlusion/reperfusion induced arrhythmias in beagle dogs
Beagle dogs of either sex, weighing 8 -12 kg, were anesthetized with an intravenous injection of sodium pentobarbital (30 mg / kg), followed by an infusion at a rate of 0.1 mg/ kg per min. After cannulation of the trachea, the animals were ventilated with room air at a stroke volume of 20 ml / kg and at a rate of 12 strokes / min. Body temperature was maintained at 37.0 ± 0.5°C. Using the method described earlier (19) , a thoracotomy for coronary occlusion was performed at the fifth intercostal space. The pericardium was opened and the heart was suspended in the pericardiac cradle. The left anterior descending coronary artery (LAD) was isolated just proximal to the first diagonal branch. Since the incidence of coronary occlusion / reperfusion arrhythmia is known to be quite variable (20) , experiments were randomized (by coin-flip) using a pair of beagle dogs, one of each pair receiving KB-R9032 and the other, vehicle. A catheter was inserted into the right femoral artery and connected to a pressure transducer (DX-100; Nihon Kohden Co., Tokyo) to record blood pressure (BP) on a polygraph system (Nihon Denki San-ei, Tokyo). A double lumen catheter was inserted into the right femoral vein for administration of anesthetics and the test compound. Leads I and II of the electrocardiogram (ECG) were recorded by means of needle electrodes inserted subcutaneously in the limbs. A pair of epicardial electrodes was sutured onto the border zone of the ischemic area in the left ventricle for continuous recording of the ventricular surface electrogram. The PR, QRS, RR, and QT interval were determined from the lead II ECG. QTc-interval was calculated using Bazett's formula: QTc = QT / . The heart rate (HR) was measured from the lead II ECG.
Evaluation of antiarrhythmic effects
VPC were judged to occur when the QRS complexes had a different shape from the normal one. Ventricular tachycardia was defined as a tachycardia consisting of more than three consecutive VPC. VF was defined as a tachycardia without a regular occurrence of normal QRS complexes or a loss of normal pulsatile blood pressure record, which continued for more than 2 min.
Experimental protocol
The protocols used in this study are shown in Fig. 2 . The two experiments were performed with separate vehicle control groups. In protocol I, after a stabilization period of more than 20 min, KB-R9032 (3 mg / kg body weight) or the vehicle was administered 10 min before √RR LAD occlusion. In protocol II, KB-R9032 (3 mg / kg body weight) or vehicle was administered 15 min after the start of LAD occlusion. In both experiments, after 30 min of LAD occlusion, reperfusion was allowed by releasing the ligature. If VF did not occur, observations were continued for 30 min. The dogs in the control groups received the vehicle (5% glucose) instead of KB-R9032.
Drugs
The following drugs were used: KB-R9032 (kindly supplied by Nippon Organon Ltd., Osaka), sodium pentobarbital (Tokyo Kasei Kogyo, Tokyo), and 5% glucose in distilled water (Otsuka Pharmaceuticals, Tokushima). KB-R9032 was dissolved in 5% glucose solution at a concentration of 10 mg / ml.
Statistical analyses
All values were expressed as the mean ± S.E.M. A one-way analysis of variance (ANOVA) was used to compare the QTc, HR, and MAP values between the drug-treated and control groups. When a statistically significant difference was detected, Student's t-test was performed. Since the occurrence of ischemia-induced VPC varied over time, the numbers of VPC in the treated and control groups were compared using the two-factor analysis of variance (repeated measures ANOVA). When a statistically significant difference was detected, Mann-Whitney's U test was performed for each time-point. Differences in the incidence of VF between the treated and control groups were analyzed using a chi-square test or Fisher's exact probability test. A P value of less than 0.05 was considered to be significant.
Results

Effects of KB-R9032 on ECG and hemodynamic parameters
Hemodynamic and ECG data are summarized in Table 1 . Before the administration of KB-R9032 or the vehicle, there were no significant differences among all the values obtained for HR, mean BP, or ECG parameters (PR, QRS, and QTc interval). Nine minutes after administration of KB-R9032 (3 mg / kg, i.v.) or the vehicle (before coronary occlusion), there were no significant alterations in any of the measured parameters. Effects of KB-R9032 on ischemia-induced arrhythmias in protocol I (pre-treatment group) During the 30 min of complete LAD occlusion, ventricular arrhythmias, including VPC and the ventricular tachycardia, occurred in the vehicle control group. However the incidence of ischemia-induced arrhythmias tended to be lower in the KB-R9032-treated groups (Fig. 3) , that is, the reduction of the average number of VPC occurring during coronary occlusion was significant both in terms of the total number (40 ± 20 beats/ 30 min compared to 273 ± 61 beats/ 30 min in the control group, P<0.01) (Fig. 4B ) and in terms of the time-related occurrence of VPC (Fig. 4A) .
With regard to the occurrence of fatal VF, KB-R9032 reduced the incidence of VF during LAD occlusion and/ or after reperfusion in a dose-dependent manner, the reduction seen in the KB-R9032-treated group being significant (1 out of 10 dogs in the treated group compared to 7 out of 10 dogs in the control group, P<0.05) (Fig. 4C) .
Effects of KB-R9032 on ischemia-induced arrhythmias in the protocol II (post-ischemic treatment group)
As for the incidence of ischemia-induced VPC, there was no difference between the control and KB-R9032-treated groups before drug administration. When KB-R9032 was administered 15 min before reperfusion (15 min after coronary occlusion), there was a significant reduction in the average number of VPC (Fig. 5A) .
In protocol II, as in protocol I, KB-R9032 significantly reduced the incidence of VF (Fig. 5B) . However, a pilot study using dogs in which KB-R9032 was administered 5 min before the start of reperfusion (25 min after coronary occlusion), suppression of ischemia / reperfusion-induced arrhythmias was not observed (data not shown).
Discussion
This study examined the effects of KB-R9032, a selective NHE-1 inhibitor, on ischemia / reperfusioninduced arrhythmias in canine heart in vivo. KB-R9032 (3 mg / kg, i.v.) as well as many of the other NHE-1 inhibitors suppressed ischemia / reperfusion-induced lethal VF without significantly altering HR or BP in the pre-ischemic treatment group. We have already reported that cariporide (HOE642), a selective NHE-1 inhibitor, significantly suppressed the occurrence of ischemiainduced fatal VF in dogs, but it did not decrease the number of VPC at a dose of 1 mg / kg, i.v. (14). In contrast, the current study demonstrates a reduction in ischemia-induced VPC.
In rats, not only pre-ischemic but also post-ischemic administration of NHE-1 inhibitors suppressed the occurrence of ischemia-induced VPC and reperfusioninduced VF (11 -13, 15, 18). However, in dogs, there is no report that cariporide suppresses ischemia-induced PVC. Also, there is no report that cariporide suppresses ischemia / reperfusion-induced VF when it was administered after coronary occlusion. In addition, more importantly, KB-R9032 failed to inhibit ischemia / reperfusion-induced arrhythmias when it was administered 5 min before the onset of reperfusion (25 min after coronary occlusion). It has been reported that BIIB 513 (3 mg / kg, i.v.) suppressed the ischemia-induced VPC and reperfusion-induced VF by post-ischemic administration as well as by the pre-ischemic administration in dogs (10). The affinities of these compounds for NHE-1 are almost equivalent because the IC 50 values of KB-R9032, BIIB-513, and cariporide for NHE-1 are 0.12 (16), 0.25 (21) , and 0.2 µM (8), respectively. Of course, it is known that NHE-1 inhibitors also have affinities for other ion channels, but these effects may not explain the reason why KB-R9032 administered 5 min before reperfusion (25 min after coronary occlusion) failed to suppress the ischemia/ reperfusion-induced arrhythmias. A more possible explanation is that KB-R9032 suppressed an adrenergic pathway which is thought to exacerbate ischemia-(22 -24) and reperfusion-induced arrhythmias (9, 25, 26). During myocardial ischemia, energy depletion may lead to an accumulation of acidic metabolites such as lactate and intracellular H + , followed by an extrusion of H + in exchange for Na + via NHE-1. The raised intracellular Na + may cause two important events. One is the Ca 2+ overload as a consequence of the activation of Na + / Ca 2+ exchange. The other is the Na + dependent-nonexocytotic norepinephrine release (27) . Under normoxic conditions or during relatively shortterm ischemia (i.e., approximately 10 min), norepinephrine is released via a Ca
2+
-dependent exocytotic pathway, and it is taken up via a carrier protein. On the other hand, during long-lasting myocardial ischemia (i.e., approximately 20 min), the elevated intracellular Na + leads to norepinephrine release from the cytoplasm into the extracellular space via the carrier protein used in the reverse direction (28) . The accumulated norepinephrine is suggested to exacerbate ischemia-(22 -24) and / or reperfusion-induced arrhythmias (9, 25 -26). In addition, it is suggested that norepinephrine stimulates sarcolemmal NHE-1 via α 1 receptors, which led to acceleration of Na + overload (29) . EIPA blocked norepinephrine extrusion in isolated guinea-pig heart subjected to 20-min global ischemia followed by reperfusion (23, 24) . Cariporide also suppressed norepinephrine release in the rat heart (30) . On the basis of our results and the accumulated knowledge of the above processes, the mechanism underlying the suppression of ischemiainduced VPC and reperfusion-induced VF by NHE inhibitors may actually derive from two mechanisms: one is an inhibition of Ca 2+ overload and the other is an inhibition of excessive norepinephrine release via a suppression of the Na + -dependent nonexocytotic process. Therefore, cariporide may also reduce the incidence of ischemia-induced VPC and reperfusioninduced VF when it was administered even after coronary occlusion as well as before, if higher doses had been used.
NHE-1 inhibitors are commonly known to have antiarrhythmic effects, and furthermore, they have cardioprotective effects against ischemia / reperfusion injury. It has been reported that NHE-1 inhibition suppressed ischemia/ reperfusion-induced arrhythmias (6, 10, 13, 14, 26, 31) and reduced myocardial infarct size (12, 16, 32, 33) . In addition, when rat hearts received NHE-1 inhibitor during VF and were resuscitated, the diastolic dysfunction was prevented and the systolic function recovered earlier (34) . These data suggest that the application of NHE-1 inhibitors, such as KB-R9032, may be an effective clinical approach to prevent sudden death due to cardiac ischemia and / or reperfusion-induced arrhythmias and resuscitation from ventricular fibrillation such as during bypass surgery, cardiac valve surgery, or acute myocardial infarction in patients undergoing thrombolysis or percutaneous coronary intervention. 
